Radiation in the form of solar energetic particles (SEPs) presents a severe risk to the short-term health of astronauts and the success of human exploration missions beyond Earth's protective shielding. Modeling how shielding mitigates the dose accumulated by astronauts is an essential step toward reducing these risks. PREDICCS (Predictions of radiation from REleASE, EMMREM, and Data Incorporating the CRaTER, COSTEP, and other SEP measurements) is an online tool for the near real-time prediction of radiation exposure at Earth, the Moon, and Mars behind various levels of shielding. We compare shielded dose rates from PREDICCS with dose rates from the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) onboard the Lunar Reconnaissance Orbiter (LRO) at the Moon and from the Radiation Assessment Detector (RAD) on the Mars Science Laboratory (MSL) during its cruise phase to Mars for five solar events in 2012 when Earth, MSL, and Mars were magnetically well connected. Calculations of the accumulated dose demonstrate a reasonable agreement between PREDICCS and RAD ranging from as little as 2% difference to 54%. We determine mathematical relationships between shielding levels and accumulated dose. Lastly, the gradient of accumulated dose between Earth and Mars shows that for the largest of the five solar events, lunar missions require aluminum shielding between 1.0 g cm À2 and 5.0 g cm À2 to prevent radiation exposure from exceeding the 30-day limits for lens and skin. The limits were not exceeded near Mars.
Introduction
Human space exploration beyond the protective shielding of Earth's atmosphere and magnetosphere is hindered due to intense radiation that threatens the short-term and long-term health of astronauts ). In the EarthMoon-Mars radiation environment, the two primary sources of energetic particles are galactic cosmic rays (GCRs) and solar energetic particles (SEPs).
Galactic cosmic rays (GCRs) are an enduring source of highly energetic particles with origins outside the heliosphere. GCRs typically originate from supernova explosions within the galaxy, diffuse into the heliosphere, and lead to a modest but persistent background dose rate in the Earth-Moon-Mars radiation environment. The intensity of the GCR background varies with solar activity -becoming largest near solar minimum and smallest near solar maximum. For average solar condition, the long-term exposure of GCRs can limit female and male astronauts' careers to 900 and 1200 days, respectively, due to the risk of cancer induction and mortality (Cucinotta et al. 2015) .
Solar energetic particles (SEPs) are produced from solar events such as solar flares and coronal mass ejections (CMEs). Solar events are sporadic and short-lived, resulting in an increase of high-energy particle flux by many orders of magnitude over the span of hours to days. Astronauts exposed to radiation dose above 50 cGy from SEPs can experience Acute Radiation Syndrome (ARS) (Anno et al. 1989 ) including prodromal effects (e.g. nausea, vomiting, anorexia, fatigue), skin injury, the depletion of blood-forming organs (BFOs), and death (Wu et al. 2009; Cucinotta et al. 2010 ). The NASA 30-day Permissible Exposure Limits (PELs) for lens, skin, BFOs, heart, and central nervous system (CNS) have been implemented for the prevention of these health risks. These limits are given in Table 1 (NAS/NRC 1967 , 1970 NCRP 1989 NCRP , 2000 .
To prevent health risks to astronauts caused by exposure to SEPs, it is imperative that the exposure be mitigated by the shielding of their spacesuit, spacecraft, or shelter. Modeling plays an important role in predicting the necessary level of shielding. The Earth-Moon-Mars Radiation Environment Module (EMMREM) ) has been used to find the radial gradient of shielded dose rates with comparisons to Ulysses for the Halloween 2003 solar event and May 2003 solar event . Predictions of radiation from REleASE, EMMREM, and Data Incorporating the CRaTER, COSTEP, and other SEP measurements (PREDICCS) (http://prediccs.sr.unh.edu) is an online tool for the near real-time prediction of radiation exposure at Earth, the Moon, and Mars behind various levels of shielding.
PREDICCS has been verified to provide a credible characterization of the lunar radiation environment (Schwadron et al. 2012; Joyce et al. 2013) .
In this paper, we use PREDICCS to predict the level of shielding required for human missions in the Earth-MoonMars radiation environment such that astronauts' exposure to radiation does not exceed the 30-day dose limits. SEP measurements from five solar events in 2012 are used by PRE-DICCS to simulate the transport of SEPs across interplanetary space and through an Aluminum slab shield and H 2 O slab target. We consider Aluminum slab shields of 0.3 g cm , and 10.0 g cm À2 (proxies for thin spacesuit, nominal spacecraft, thick spacecraft, and stormshelter shielding, respectively) and H 2 O slab targets of 1.0 g cm À2 H 2 O (proxy for lens and skin) and 10.0 g cm À2 H 2 O (proxy for BFOs, heart, and CNS). During the five solar events in 2012, the Radiation Assessment Detector (RAD) (Hassler et al. 2012 ) on the Mars Science Laboratory (MSL) (Grotzinger et al. 2012 ) measured dose rates during its cruise phase from Earth to Mars. MSL was magnetically well connected to Earth early in the cruise phase and to Mars later in the cruise phase (Posner et al. 2013 ) -allowing for good comparison to PREDICCS for interplanetary space between Earth and Mars. We additionally compare dose rates to the Cosmic Ray Telescope for the Effects of Radiation (CRaTER) (Spence et al. 2010 ) onboard the Lunar Reconnaissance Orbiter (LRO) (Chin et al. 2007 ) orbiting the Moon.
PREDICCS, CRaTER, and RAD overview

PREDICCS
PREDICCS is an online system used to predict and forecast the interplanetary radiation environment. The consituents of PREDICCS are described below.
First, PREDICCS uses near real-time SEP proton measurements from various instruments depending on the years of operation. For the five 2012 solar events of this study, PREDICCS used proton measurements from the suite of instruments called EPS/HEPAD (Energetic Particle Sensors/High Energy Proton and Alpha Detector) onboard Geostationary Operational Environmental Satellite-13 (GOES-13). EPS measures protons in seven energy channels ranging from 0.7 MeV to 900 MeV. HEPAD measures protons in four energy channels ranging from 330 MeV to over 700 MeV. Uncertainty in measurements for all energy channels is estimated to be about 25% (J. Rodriguez, personal communication). The time-series SEP proton intensities are shown in Figure 1 . The starting and ending times are arbitrarily taken to encompass the events.
Second, the time-series SEP proton measurements are used as input for the Energetic Particle Radiation Environment Module (EPREM) Quinn et al. 2016) . EPREM simulates particle transport across interplanetary space. This is done using a Lagrangian scheme with nodes that spawn on a rotating inner boundary. The nodes are then carried out with the solar wind. At each time-step, the focused transport equation (Skilling 1971; Ruffolo 1995) and convection-diffusion equation (Jokipii & Levy 1977; Lee & Fisk 1981) are solved along each magnetic field line (a connected list of nodes). EPREM therefore takes into account convection, streaming, adiabatic focusing, adiabatic cooling, pitch-angle scattering, perpendicular diffusion, and particle drift. For PREDICCS, EPREM outputs proton flux at Earth and Mars. Third, proton flux from EPREM is used as input for the BaRYoN TRaNsport (BRYNTRN) model (Wilson et al. 1989) . BRYNTRN simulates the transport of the SEP protons and their secondary particles through an Aluminum slab shield and H 2 O slab target. In PREDICCS, we consider Aluminum slab shields of 0.3 g cm , and 10.0 g cm À2 (proxies for thin spacesuit, nominal spacecraft, thick spacecraft, and stormshelter shielding, respectively) and H 2 O slab targets of 1.0 g cm À2 H 2 O (proxy for lens and skin) and 10.0 g cm À2 H 2 O (proxy for BFOs, heart, and CNS).
CRaTER
The CRaTER instrument onboard LRO characterizes the lunar radiation environment. Silicon solid-state detectors measure the effects of ionizing energy loss in matter due to SEPs and GCRs. The combined dose from the first pair of thin and thick zenith-facing silicon detectors (D1-D2) is an excellent proxy for lens exposure behind 0.22 g cm À2 aluminum shielding.
We combine the hourly averaged dose rates detected by the D1-D2 detectors. Since the LET coverage of the two detectors overlaps, we limit the energy range of each detector to prevent the possibility of double-counting dose contributions (Schwadron et al. 2012) .
To compare to PREDICCS, the dose measured in CRaTER's D1-D2 silicon detectors must be converted to dose in water. The dose is calculated by summing over all the energy depositions in the detectors and dividing by the mass of silicon. The lower ionization potential of water compared to silicon results in larger energy deposition per unit mass for a particle with a given charge and velocity. Schwadron et al. (2012) determined the conversion between dose in CRaTER's D1-D2 silicon detectors and dose in water to be a factor of 1.33.
The measurements of CRaTER are made at an altitude above the lunar surface where less than half the sky is blocked by the Moon. To adjust the measurements to the surface of the Moon where half the sky is blocked, the dose rates are multiplied by (Schwadron et al. 2012 )
where h is the altitude of CRaTER above the lunar surface and R M is the radius of the Moon. The CRaTER detection electronics are sufficiently fast to pulse shape (i.e., energy) analyze approximately 90% of energetic particles incident on the detectors during the most extreme solar events (Spence et al. 2010) . To account for the remaining 10% of incident particles not energy analyzed during high flux intervals, the CRaTER electronics has a feature that counts the total number of particle events per unit time that pass the detection threshold, including particles that were energy analyzed and those that were not. By multiplying the dose rate by the ratio of total particle events counted to particle events analyzed, we effectively compensate for the rate limit. This approach makes the reasonable assumption that the spectral properties of the 10% of particles not analyzed match the 90% of particles that were analyzed. CRaTER also contains a microdosimeter chip (Mazur et al. 2011) . The microdosimeter includes a 25 mm 2 silicon detector used to measure the total ionizing dose. Due to being inside the housing of CRaTER, one side of the microdosimeter views the lunar surface through~0.89 g cm À2 aluminum shielding while the other side of the microdosimeter views deep space through 2.28 g cm À2 aluminum shielding (Mazur et al. 2011 ).
The LRO spacecraft may provide a small addition to the shielding of CRaTER D1-D2 and possibly the microdosimeter. Looper et al. (2013) used Geant4 to simulate the CRaTER telescope and incoming particles. Part of the study included the electronics box and a simplified mass model of the entire LRO spacecraft. However, only a small fractional increase in protons due to the breaking of alphas in the spacecraft was found.
RAD
The RAD instrument onboard the Curiosity rover measures radiation dose in two detectors. The silicon detector (B) is mainly sensitive to charged particles while the plastic detector (E) is mainly sensitive to neutrons. Since SEP events are dominated by energetic protons, we use detector B for this study. Similar to the two CRaTER detectors, the RAD dose rate is multiplied by 1.45 to convert dose in silicon to dose in water .
Neutrons and gamma rays emitted from MSL's power supply were measured by RAD's B detector during cruise. Also measured were electrons and positrons produced by pair production of the more energetic gamma rays. Tests performed prior to launch determined the background dose rate measured by RAD's B detector due to MSL's power supply to be approximately 0.0085 cGy/day ). We subtract this background dose rate from all RAD measurements.
The spacecraft housing the Curiosity rover (and RAD) provided very inhomogeneous shielding from the radiation environment during MSL's cruise to Mars. About 30% of incoming particles trajectories above RAD experienced aluminumequivalent shielding less than 5 g cm À2 , about 50% below were shielded by 8-10 g cm
À2
, and the remaining shielded by more than 20 g cm
. The average shielding surrounding RAD was then roughly 16 g cm À2 ).
Solar event selection
During MSL's cruise phase from Earth to Mars, the RAD instrument measured radiation dose rates from 6 December 2011 to 14 July 2012. Shown in Figure 2 are the five solar events observed by RAD during this time -two peaks in January, two in March, and one in May. The January 2012 solar events consisted of a CME and long-duration M8.7 flare occurring on January 23 followed by a CME and a long-duration X1 flare occurring on January 27. The first CME originated from N29°W20°and reached a peak speed of about 1600 km s À1 (Liu et al. 2013) . The second CME originated from N27°W71°and reached a peak speed of over 2600 km s À1 (Gopalswamy et al. 2015) . The two events resulted in approximately 10 days of increased SEP flux observed at 1 AU. Figure 3a shows the locations of Earth, MSL, and Mars during the date of the first peak. The MSL spacecraft on its cruise to Mars was located at approximately 1.12 AU.
The March 2012 solar events were composed of a series of CMEs and flares occurring on March 5, March 7, March 9, March 10, and March 13 (Liu et al. 2013) . The largest and most energetic was the X5.4 flare and CME occurring on March 7. The CME originated from N17°E21°and . An additional CME of about 1500 km s À1 and X1.3 flare occurred nearly an hour later. SEP fluxes at 1 AU increased for about 10 days from March 7 to March 17. MSL was located at approximately 1.27 AU.
The May 2012 solar event was made up of a long-duration M5.1 flare and CME with a peak speed of 1582 km s À1 (Li et al. 2013; Ding et al. 2016) . SEP fluxes increased at 1 AU for about 4 days from May 17 to May 21. During this solar event, MSL was at approximately 1.46 AU.
MSL remained well connected magnetically to Earth in the early phase of transit and to Mars in the later phase of transit (Posner et al. 2013) . This allows for an accurate comparison between PREDICCS dose rate at Earth and Mars with the dose rate measured by MSL/RAD during the five solar events.
Dose rates and accumulated dose
In this section, we scale PREDICCS SEP dose rates to the location of MSL during each event, discuss dose, and calculate the accumulated dose. Comparisons are made to the 30-day lens and skin limit to assess the risk the solar events pose to the health of astronauts. All shielded dose rates simulated by PREDICCS use a 1.0 g cm À2 H 2 O slab target unless specified otherwise.
Scaling dose rates to MSL location
PREDICCS produces shielded dose rates exclusively at the locations of Earth and Mars. These dose rates must be scaled from Earth during the earlier phase of MSL's trajectory and Mars during the later phase. Kozarev et al. (2010) and used EMMREM to simulate SEP transport during the Halloween 2003 and May 2003 solar events, respectively. The studies concluded that the peak dose rateas SEPs are transported along the interplanetary magnetic field -follows a power law when expressed as a function of heliocentric radius. Following these studies, we find the peak dose rate at Earth and Mars for each solar event and each level of shielding produced by PREDICCS. The shielded peak dose rates as a function of radius are shown in Figure 4 for the January event (Fig. 4a) , March event (Fig. 4b) , and May event (Fig. 4c) . The location of Earth, MSL, and Mars is indicated at the bottom of each plot. The power law indices are displayed at the right of each fit. The indices of the January and May events are comparable to those of Kozarev et al. (2010) . The indices of the March event are smaller than those of the January and May events, meaning we see a smaller ratio of dose rate between 1 AU and Mars. One reason for this may be the higher speed of the March 7 CME. Another reason may be due to the CMEs that occurred prior, possibly disturbing the magnetic field and allowing for easier particle propagation for the March 7 CME. Using the indices from the power law fits, the shielded dose rates produced by PREDICCS are scaled to the location of MSL. For the January and March events, the dose rates are scaled from Earth to 1.12 AU and 1.27 AU, respectively. For the May event, we scale the dose rates from Mars to 1.46 AU since MSL was magnetically well connected with Mars at this time (Posner et al. 2013) . Figure 5 shows dose rates for the January (Fig. 5a ), March (Fig. 5b) , and May (Fig. 5c ) events. Included are PREDICCS shielded SEP dose rates scaled to the location of MSL, dose rates from MSL/RAD during its cruise, and CRaTER D1-D2 and microdosimeter dose rates at 1 AU. All dose rates have been hourly averaged. For data gaps, we linearly interpolate between the previous and next existing data point.
Dose
Dose is a quantity defined as the amount of energy deposited by radiation in a material per unit mass. The unit for dose is gray (Gy) where 1 Gy = 1 J kg
À1
. The 30-day limits are based upon exposures to a reference radiation (gammas). Protons and other heavier charged particles can produce the same levels of damage as gammas, but at lower doses. Hence, in order to compare these doses to the 30-day limits, they must be scaled by their Relative Biological Effectiveness (RBE) for producing these acute radiation effects. These scaled doses, in units of Gray-equivalent (Gy-eq), are obtained using
where we use the recommended RBE value of 1.5 for highenergy protons (NCRP 2000) . The GCR background measured by RAD and CRaTER includes particle events from heavy ions which have a different RBE than high-energy protons. We therefore must subtract out the GCR background to get an accurate description of the short-term radiation effects from SEP protons. Zeitlin et al. (2013) determined the GCR background dose rate measured by RAD's B detector (after converting to dose rate in water) to be 0.0481 cGy/day ± 0.0080 cGy/day. For CRaTER, Joyce et al. (2013) used the Badhwar-O'Neill model (O'Neill 2006) to approximate the GCR background dose rate as seen by CRaTER at the Moon for the January, March, and May 2012 solar events. The respective GCR background dose rates were 0.0213 cGy/day, 0.0203 cGy/day, and 0.0199 cGy/day.
Accumulated dose
We calculate the total dose accumulated during the solar events by multiplying each hourly averaged dose rate by 1 h, then The beginning and ending times are arbitarily taken to encompass the events. PREDICCS shielded SEP dose rates have been scaled to the location of MSL (1.12 AU, 1.27 AU, and 1.46 AU, respectively). We take note of the PREDICCS data gaps during DOY 31, DOY 60, and DOY 140. CRaTER measurements remain on the Moon's surface where half the sky is blocked by the Moon, hence CRaTER's background dose rate is lower than RAD by a factor of 2 in addition to the difference due to the distance from the Sun.
summing over all doses. The cumulative dose for the January event (Fig. 6a) , March event (Fig. 6b) , and May event (Fig. 6c) is shown in Figure 6 . The NASA 30-day limits for skin (150 cGy-eq) and lens (100 cGy-eq) are displayed by the two dashed lines near the top of each plot.
The CRaTER dose exceeds the skin and lens limits during the January and March events while remaining well under the limits during the May event. PREDICCS 0.3 g cm
À2
shielded dose reached as high as 114.13 cGy-eq during the January event -a factor of 1.14 above the lens limit. For the March event, this factor was about 1.10. The accumulated dose for each level of shielding is summarized in Table 1 in Section 5. Also included in the table is the dose accumulated in 10.0 g cm À2 H 2 O -a proxy for blood-forming organs (BFOs), heart, and central nervous system (CNS). The 30-day limits are 25 cGy-eq, 25 cGy-eq, and 50 cGy-eq, respectively (Wu et al. 2009 ). The greatest dose accumulated was during the March event, reaching as high as 3.72 cGy-eq for 0.3 g cm À2 aluminum shielding -a factor of almost 7 under the BFO and heart 30-day limit. We can therefore infer that the health risks to BFOs, the heart, and the CNS are minimal if astronauts experienced these events with minimal shielding.
(a) (c) (b) Fig. 6 . Dose accumulated during the January (a), March (b), and May (c) 2012 solar events. The beginning and ending times are arbitarily taken to encompass the events. The dotted and dashed lines represent the 30-day limit for lens (100 cGy-eq) and skin (150 cGy-eq), respectively. The GCR background dose rate measured by CRaTER D1-D2, microdosimeter, and RAD has been subtracted out. The small increase in DOY 65 seen by CRaTER D1-D2 and PREDICCS (under 1.0 g cm À2 ) is from the flare that occurred prior to the March 7 event. .
In the lower-left corner are the mathematical forms of the PREDICCS predictions.
Discussion
Validating PREDICCS
To validate PREDICCS at distances beyond Earth, we compare the shielded accumulated dose of PREDICCS to that of RAD. Shown in Figure 7 is the accumulated dose of PREDICCS as a function of aluminum shielding for the January, March, and May events. Since the shielding surrounding RAD (roughly 16 g cm
À2
; Zeitlin et al. 2013 ) is beyond the highest shielding of PREDICCS (10 g cm À2 ), a power law is fit to the PREDICCS predictions. The mathematical form of each power law is given in the lower-left corner. RAD measured 0.61 cGy-eq, 2.94 cGy-eq, and 0.17 cGy-eq for the January, March, and May events, respectively. This corresponds to a percent difference between the PREDICCS power law and RAD of À54%, +2%, and À38% for each event. The accumulated dose for PREDICCS, RAD, and CRaTER is summarized in Table 2 .
There is an overall underestimation of accumulated dose by PREDICCS when compared to RAD. This is also evident in Figure 5 where PREDICCS dose rates fall off quicker than CRaTER and RAD. The discrepancy between the 0.3 g cm À2 shielded dose rate of PREDICCS and dose rates from CRaTER (~0.22 g cm À2 aluminum-equivalent shielding) was concluded to be due to EMMREM not handling low-energy protons well (Joyce et al. 2013) . Heavy ions, not included in PREDICCS, may still account for increased dose from fragmentation within the heavier shielding.
Reduction from shielding
Shielding mitigates the dose accumulated by astronauts from SEPs as shown in Figure 7 . The percent each level of shielding reduces the accumulated dose with respect to 0.3 g cm À2 aluminum shielding is given in Table 3 for each solar event. For 1.0 g cm À1 shielding, the dose accumulated during the January and March events is further reduced by roughly half (~40-60%). For 5.0 and 10.0 g cm À1 shielding, the dose is almost entirely mitigated (>90%).
The effectiveness of shielding for the May event is considerably lower than for the January and March events. For 1.0 g cm À2 shielding, the dose reduction for the May event only reaches 35%. For shielding of 5.0 g cm À2 and above, the dose reduction for the January and March events is greater than 90%. However for the May event, the reduction is only 80-90%. Referring to Figure 1 , the peak intensities for lower energy protons measured by GOES-13/EPS/HEPAD for the May event are 1-2 orders of magnitude lower than the January and March events. However, the energy spectrum of the May event is much harder than the other events. Since shielding is less effective against higher energy protons, we see less of a benefit from higher levels of shielding for the May event than we do for the January and March events.
Also given in Table 3 are doses in 10.0 g cm À2 H 2 O -a proxy for BFOs, heart, and CNS. Beyond 0.3 g cm À2 aluminum shielding, the largest reduction is seen for the dose accumulated during the January and March events (~40%). The May event only saw a reduction of about 31% for 10 g cm À2 shielding.
Radial dependence of accumulated dose
Shown in Figure 8 is the accumulated dose along the interplanetary magnetic field as a function of heliocentric distance for the January, March, and May events. The indices, summarized in Table 4 , are comparable to those of the Halloween 2003 event . Close to 1 AU, the dose accumulated during the January event exceeds the 30-day lens limit by a factor of 1.8 for 0.3 g cm À2 shielding and a factor of 0.7 under the lens limit for 1.0 g cm À2 shielding. For the March event, 0.3 g cm À2 and 1.0 g cm À2 exceed the lens limit by factors of 2.3 and 1.3, respectively. The May event shows the least concern of the three events at 1 AU with accumulated dose of approximately 4.1 cGy-eq and below for all shielding.
In interplanetary space near Mars (approximately 1.5 AU during this time), the dose accumulated during the January, March, and May events is approximately 34 cGy-eq, 55 cGyeq, and 1 cGy-eq, respectively, for 0.3 g cm À2 aluminumequivalent shielding. Separately, the dose from these five specific events does not exceed the lens or skin limits. However, there are other major factors to consider. First, there are much stronger SEP events than the ones selected for this study. The dose accumulated at 1 AU during the Halloween 2003 event reached as high as 1000 cGy-eq for aluminum-equivalent shielding of 1.0 g cm À2 . Second, the 30-day limit for lens and skin can easily be exceeded if more than one SEP event occurs within approximately 30 days of the next. Lastly, the SEP events in 2012 only contributed roughly 5% of the total accumulated dose during MSL's cruise to Mars . The remaining dose is from GCRs. The radial dependence of accumulated dose observed by Dayeh 2010 exhibited a broken power law. The reason no break was observed in this study is because observed dose out to nearly 5 AU with the break occurring at approximately 3 AU. PREDICCS, however, only calculates dose rates at Earth and Mars. Within this range, the transport of particles along the magnetic field has a prominent radial component. With greater distance, the angle of the Parker spiral becomes mainly azimuthal, and radial particle transport depends on the less effective diffusion across the magnetic field.
Summary and conclusion
We have utilized PREDICCS to study how shielding reduces the short-term health risks for human space exploration missions within the Earth-Moon-Mars SEP radiation environment. We compared shielded dose rates and accumulated dose from PREDICCS to LRO/CRaTER at the Moon and MSL/RAD in its cruise phase from Earth to Mars during the January, March, and May 2012 solar events. During the cruise, MSL was magnetically well connected with Earth for the first phase and Mars during the latter phase.
We expressed the dose rate and accumulated dose along the interplanetary field as a function of heliocentric radius. The power law indices of these radial gradients are comparable to the Halloween 2003 event, given in Table 3 . Near 1 AU, the dose accumulated during the January and March events exceeds the 30-day lens limit for low levels of shielding. In interplanetary space near Mars, neither the 30-day lens or skin limits are exceeded by these events. However, multiple events in a short time period or stronger events such as the Halloween 2003 event may easily exceed these limits.
The accumulated dose predicted by PREDICCS and measured by RAD is in reasonable agreement. PREDICCS underestimated the dose by approximately 54% and 38% for the January and May events, respectively. For the March event, PREDICCS and RAD were in remarkable agreement with PREDICCS only overestimating the dose by about 2%. Thus, this study shows that PREDICCS is a valuable tool for characterizing the Earth-Moon-Mars SEP radiation environment and demonstrates how shielding mitigates the dose accumulated by astronauts.
